The output radiation of a dc to ac radiation converter is characterized. A relativistic ionization front passing through a capacitor array of period dϭ1 cm produces short pulses of tunable radiation between 39 and 84 GHz with a gas pressure between 0 and 30 mT. The frequency spectra of the produced pulses are discrete and exhibit full widths at half maximum between 12% and 28%, consistent with the expected width for six cycles' pulses. An upper bound of 750 ps ͑detection bandwidth limited͒ is placed on the pulse widths. These are the shortest pulses produced by a source of coherent radiation in this frequency range.
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In a recent proof-of-principle experiment, 1 microwave pulses between 6 and 21 GHz were produced by a relativistic ionization front ͑plasma densities in the 10 12 cm Ϫ3 range͒ passing through an array of capacitors with a period d of 4.7 cm. This scheme was referred to as a dc to ac radiation converter ͑DARC source͒. In that experiment, the maximum frequency contained within the output radiation was inferred from the onset of signal on microwave diodes placed after cut-off waveguides in different microwave bands. However, no knowledge of the bandwidth of the pulse was obtained. In this letter, the frequency spectra of ultrashort microwave pulses are presented. They show that the output frequency is well defined with a bandwidth consistent with the transform limit of the expected pulse length ͑6 cycles at the center frequency͒. An upper limit is placed on the pulse length, showing that pulses shorter than 750 ps are produced with center frequencies between 39 and 84 GHz.
Short microwave pulses have applications in many fields such as: advanced radar detection, ultrashort pulse reflectometry, characterization of dielectric materials and transmission lines, studies of transition between, or ionization of Rydberg states, and ultrafast chemistry. For these applications, the DARC source can produce pulses that can be tailored in time by applying different voltages to different capacitors, and in frequency by changing the periodicity of the capacitors along the array. Moreover, very short pulses can be produced, since the number of cycles in the pulse is given by the number of pairs of capacitors. Single cycle pulses have been produced in the tetrahertz range using photoconductive dipole antennas, 2 and pulses of durations comparable to those reported in this letter have been produced at higher frequencies using frequency upshifting of 35 GHz radiation. 3 In the DARC source, an ionization front ͑boundary between vacuum and plasma͒ moving at a velocity f close to the speed of light c, directly converts the static electric field of an array of N alternatively biased capacitors into a pulse of radiation. 4 The field on the vacuum side of the boundary is characterized by 0 ϭ0 ͑static field͒, and k 0 ϭ/d. The ͑EM͒ wave propagates in the underdense plasma, behind the ionization front. The characteristics of the pulse generated are obtained from the continuity of the fields at the moving boundary xϭ f t. Assuming that the eigenmodes of the slotted waveguide formed by the capacitor array are the same as the eigenmodes of a rectangular waveguide ͑transverse electric TE mn and magnetic TM mn ), the wave transmitted into the plasma filled guide has to satisfy 2 ϭ c,mn
is the cut-off frequency for the TE mn ͑or TM mn ) mode in a waveguide of large transverse dimension a and small transverse dimension b, k ʈ is the component of the wave number parallel to waveguide axis x, and pe ϭ͓n e e 2 /⑀ 0 m e ͔ 1/2 is the plasma frequency for a plasma of density n e . In the case when laser ӷ pe 2 /k 0 f the continuity of the phase of the fields at the boundary yields the following approximation for the generated frequency :
In the above expression, the plasma is assumed to be underdense for the ionizing laser pulse frequency and thus f ϭc(1Ϫ pe 2 / laser 2 )
Хc. The number of cycles produced is equal to the number of pairs of capacitors in the array: N/2. The pulse length is thus pulse ϭN/.
In this experiment, the capacitor array consists of N ϭ12 capacitors with a period dϭ1 cm. The capacitor plates are separated by bϭ0.3556 cm and are aϭ2b wide ͑Fig. The frequency quadrupled pulse of a Nd:yttrium aluminum garnet ͑YAG͒ laser ͑266 nm, 30 mJ, 50 ps, 0.8 cm 2 ) is used to ionize the TMAE vapor through a two-photon process. For a fixed laser pulse intensity, the plasma density is expected to be linearly proportional to the initial TMAE pressure. The microwave pulses are detected with a DXP-22 (Q band͒ millitech ® diode connected to a 1 GHz bandwidth oscilloscope. The frequency spectrum of the pulse is obtained by reflection off of a microwave grating with 50, 6.64 mm grooves blazed with a 30°angle. The incident wave is s-polarized and the signal is observed in the mϭϪ1 or m ϭϪ2 reflection orders. For a grating with a blazing angle of 26°45', the reflection efficiency is strongly reduced 5 for m/dϽ0.7, i.e., for frequencies larger than 64.5 GHz in the mϭϪ1 order with a groove spacing of 6.64 mm. Thus in this experiment ͑blazing angle of 30°͒ frequencies above 60
GHz are observed in the mϭϪ2 order. A waveguide and detection diode with the appropriate cut-off frequency are used to ensure that the signals observed at large incidence angle are really second order reflections. The angle between the emitting horn and the receiving horn is kept constant while the grating is rotated ͑see Fig. 1͒ to acquire the frequency spectra. The spectra are constructed from multiple shots taken at different incidence angles on the grating. Cold test measurements with a Ka-band frequency sweeper show that the resolution of the grating system is about 4 GHz between 26 and 40 GHz and is preserved in the second order ͑about 8 GHz between 52 and 80 GHz͒. Figure 3 shows the microwave signal when reflected from the back of the grating ͑acting as a plane mirror with a 7.5°incidence angle͒. The FWHM of the signal is 750 ps, and is bandwidth limited by the RC time constant of the microwave diode, cable, and oscilloscope ͑Х1 GHz bandwidth͒. At this TMAE pressure ( P TMAE ϭ14 mT͒, the pulse center frequency is expected to be about 65 GHz ͑see Fig. 5͒ with a pulsewidth of N/Х93 ps. Figure 4 shows the measured frequency spectrum of the radiation produced with TMAE pressures of 2, 5, and 24 mT leading to center frequencies of 39, 53, and 84 GHz, respectively. These spectra are discrete and have a FWHM between   FIG. 2 . Experimental setup for the frequency spectra measurements. The angle between the emitting horn and the receiving horn is kept constant while the grating is rotated .   FIG. 3 . The microwave signal detected by the microwave diode observed on a 1 GHz bandwidth oscilloscope. The FWHM is about 750 ps and is detection bandwidth limited. P TMAE ϭ14 mT, V 0 ϭ5.3 kV, f Х65 GHz, Nϭ12, theory predicts that the pulse duration should be N/Х93 ps.
FIG. 5.
Center frequency of the spectra of Fig. 4 and of other spectra are plotted vs the TMAE pressure. The best linear fit is also shown. Error bars correspond to the spectra FWHM. 12% and 28%, consistent with the expected width of an N/2 cycles pulse: ⌬/ϭ2/NХ15%.
The center frequency of the spectra of Fig. 4 , as well as the ones of the spectra not shown here, are plotted versus the TMAE pressure on Fig. 5 . The transverse dimensions of the capacitor array ͑a and b͒ are the ones of a Ka-band waveguide, and the detected frequencies below 50 GHz can only propagate in the TE 10 mode. The next propagating modes are the TE 01 and the TE 20 modes, that are degenerate, with a cut-off frequency at 42.182 GHz. The coupling to higher order modes ͑either at excitation or by mode conversion͒ is thus possible above 42.182 GHz. Excitation of a higher order mode would lead to a higher frequency ͑Eq. 1͒. From a best linear fit to the points plotted on Fig. 5 a TMAE pressure to plasma density conversion factor is calculated ͑Eq. 1͒, and the best fit corresponds to a plasma density of 7.12 ϫ10 11 cm Ϫ3 /mT of TMAE. The plasma density versus TMAE pressure was calibrated using a 60 GHz, 15 cm long, U-band waveguide interferometer and the value obtained was 4.3ϫ10 11 cm Ϫ3 /mT of TMAE. The discrepancy between these two values is not presently understood but the ionization process of TMAE will be further investigated.
In principle, operation at higher TMAE pressures, thus at higher frequencies, is possible with this structure. However, higher pressures also lead to lower break-down voltage. Operation above 84 GHz was not possible with the 300 ns high voltage pulses used in this experiment. In the near future, the source will be operated with shorter high voltage pulses ͑2 to 3 ns͒ to overcome that limitation.
In conclusion, ultrashort pulses of microwaves ͑Ͻ750 ps͒ have been produced in the 39-84 GHz frequency range using the DARC source. To our knowledge these represent the shortest pulses produced in this frequency range by a microwave source. These pulses have a discrete frequency spectrum with a 12%-28% FWHM bandwidth ͑consistent with six cycles pulses͒, and their frequency can be tuned by choosing the initial gas pressure.
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